Abstract: Natural polymers are produced by living organisms, e.g. plants, animals, microorganisms. Natural polymer materials have gained increasing attention due to their high strength and stiffness combined with carbon neutral, biocompatibility, biodegradability, renewability and sustainability. However, due to the strong interand intra-molecular hydrogen bonds, many natural polymers are extremely difficult to be dissolved in water or traditional organic solvents. The processing difficulties tremendously limit the applications of natural polymers in many fields. Recently, using ionic liquids (ILs) as novel solvents to dissolve natural polymers has attracted increasing attention. ILs has been shown to be highly effective at dissolving some natural polymers to technically useful concentrations. In this article, the structure and basic properties of ILs are introduced; the recent progress is reviewed in the dissolution of several important natural polymers using ionic liquids, including cellulose, chitin and chitosan, wool keratin fibers, silk fibroin and collagen fibers. The dissolution mechanisms of natural polymers using ILs as solvents are analyzed. The structure and properties of native and regenerated natural polymers are discussed in details.
Introduction
Decreasing resources of fossil fuels and the global heating warnings caused by greenhouse gas emissions are directing the development of renewable raw materials. Biomass represents an abundant carbon-neutral renewable resource for the production of bioenergy and biomaterials, advancing in genetics, biotechnology and process chemistry. Biodegradable and biobased composites are regarded as promising materials that could replace synthetic polymers to reduce global dependence on fossil sources [1, 2] .
Non-toxic, substantial, biodegradable and more biocompatible with the environment, natural polymers are considered the most obvious renewable resource for producing biocomposites. However, the major hurdle to modify natural polymers is their lack of solubility. For instance, as the most abundant natural polymer in the world, cellulose is difficult to be processed because of the strong intra-and inter-molecular hydrogen bonding (Hennigest et al. [3] ). Other natural polymers such as silk and chitin are insoluble either in common solvents. Moreover, the widely used effective organic solvent systems, for example, DMAc/LiCl, N 2 O 4 /DMF, NMMO, DMSO/TBAF, are toxic, costly, unrecoverable, or unstable in processing (Heinze et al. [4] ). So finding novel solvents which are more compatible with the environment is vital and significant.
Ionic liquids (ILs), a group of salts existing as liquids at relatively low temperatures, which are considered as desirable green solvents, has been developed as a new class of solvent for natural polymers. ILs have many attractive properties, such as negligible vapor pressures, enhanced reaction rates, improvement of selectivity and yields, and easy reuse of catalysts (Gordon et al. [5] ).
Ionic Liquids
Ionic liquids differ from the majority of solvents in that they are salts with low melting points (Rogers et al. [6] ). They are formed from bulky, unsymmetrical ions with a delocalized charge in order to achieve a low melting temperature (Pinkert et al. [7] ). There are a great number of different cations and anions combinations to synthesize ILs. Different types of ILs give an opportunity to modify the physical and chemical properties of ILs. The most widely used cations are imidazolium, pyridinium, phosphonium and ammonium. There are two different types of anions that may form ILs: fluorous anions and non-fluorous anions (Keskin et al. [8] ). Commonly used cations and anions are shown in Figure 1 . The diversity of ILs makes ILs applicable to myriads of applications. 1,3-dialkylimidazolium salts are one of the most popular and investigated classes of ILs, as shown in Table1.
The synthesis of novel ionic liquid has been a focus of research because of its designability. Additionally, the toxicity of ionic liquid has also gained the attention of researchers.
Tab. 1. The structure and short names of most widely used ILs. 
Ionic liquid

Designability
Ionic liquids have been described as designer solvents. Their properties can be adjusted to suit the requirements of a particular process. The properties such as melting point, viscosity, density, polarity, thermal stability, and hydrophilicity of ILs 6 can be adjusted by simply changing the structure of the ions (Earle et al. [9] ). For example, an increase in the number of carbon atoms (n < 7) in the side chain results in a decrease of the melting temperature due to the lower overall symmetry of the cation. However, side chains with more than seven carbon atoms lead to an increased melting temperature, because the attractive van der Waals interactions between the alkyl side chains start outweighing the symmetry effect (Pinkert et al. [7] ).
Another important property that changes with structure is the miscibility of water with these ionic liquids. Usually, the anion controls the water miscibility, but the cation also has an influence on the hydrophobicity or hydrogen bonding ability (Huddleston et al. [10] ). In an ionic liquid, water is activated and is strongly linked with the molecules of the ionic liquid via a network of H bonds (Antonietti et al. [11] [12] ).
Toxicity
Ionic liquids attract great attention in many fields, including organic chemistry, electrochemistry, physical chemistry, and engineering, and they are recognized as solvents for "green chemistry" (Earle et al. [13] ). The rationale for calling them "green" generally comprises the following three aspects: first, their vapor pressure is negligible so that the inhalation exposure of workers is reduced as compared to conventional molecular solvents; second, they are non-flammable, which may strongly reduce the risk of fast and exothermic oxidations in the case of an accident; third, it is reported that they are relatively nontoxic (Ranke et al. [14] ).
However, recently the use of the term "green solvents" has been questioned, because ILs were confirmed to possess a wide range of toxicity (Swatloski et al. [15] ). Additionally, some studies have shown that even though many ILs may have negligible vapor pressure, they should not be necessarily considered safe when working with or near a heat or ignition source (Smiglak et al. [16] ). Most of ILs are water-miscible and therefore, if they escape to the environment, they will possibly have a negative impact in the ecosystems and human lives (Frade et al. [17] ).
Researches on the toxicity of ILs have drawn increasing attentions, and great efforts have been put in this field. The acute toxicity towards zebrafish of 15 widely used ILs with different anions and cations (shown in Figure 2 ) has been assessed by Carlo Pretti and the coworkers (Pretti et al. [18] ). Acute toxicity was expressed as the median lethal concentration (LC 50 ) that is the concentration in water which kills 50% of the test batch of fish within a continuous period of exposure of 96 h. The results revealed that the ionic liquids may cause a completely different effect on fish according to their chemical structure. As imidazolium, pyridinium and pyrrolidinium showed a LC 50 >100 mg L -1 , they can be regarded as non-highly lethal towards zebrafish. On the other hand, the ammonium salts AMMOENG 100 and AMMOENG 130 showed LC 50 values remarkably lower than that reported for organic solvents and tertiary amines.
Bernot and co-workers first examined the acute and chronic toxicity of imidazolium cation-based ionic liquids on Daphnia magna. It was found that the toxicity of imidazolium-based ionic liquid appeared not to be related to the various anions (e.g., Cl¯, Br¯, PF 6¯, and BF 4¯) but to the imidazolium cation. The toxicity was analogous to that of the chemical solvents widely implied in manufacturing processes, and might be more damaging to environment, once leaking out (Bernot et al. [19] 
Fig. 2 Ionic liquids tested for acute toxicity to zebrafish, e.g. [18] .
Docherty et al. have used the Microtox method to measure the microbial toxicity of imidazolium and pyridinium ILs with varying alkyl chain lengths (Docherty et al. [20] ) (shown in Figure 3 ). They also found that an increase in the length and number of alkyl groups chain substituted on the cation ring corresponded with an increase in toxicity, and varying the anion identity did not significantly alter the toxicity, which are in accordance with toxicity studies for other chemicals with similar structure [21, 22] .
Although whether it can be claimed as "green" solvents is still open to debate, many literatures claim ionic liquids as green solvents due to their negligible vapour pressure, designability to be environmentally benign, being efficient and recyclability. The term "green solvent" for ILs is also used in this review for comparing with the traditional organic solvents. Some properties of ILs can be modified over a wide range through structural adjustment (e. g. varying the cation's structure and the anion's identity). Since millions of ion combinations are possible, it is important to outline rational guidelines to develop technologically suitable and environmentally harmless ILs (Latala et al. [23] ). Various efforts to produce biodegradable and biorenewable ILs have been undertaken (Zhao et al. [24] ). Some researches showed that ILs that could be obtained through modification of natural sources [25, 26] . G. Tao and co-workers synthesized two families of new generation of ionic liquids (shown in Figure 4 ), in which the chiral cations are directly derived from naturally occurring α-amino acids and α-amino acid ester salts (Tao et al. [27] ). They also employed two types of ionic liquids ( [28] .
Though some progress has been made in the research of designation and synthesis of ionic liquids, basically, such researches are not perfect enough. Especially, the research of toxicology, degradability and industrial application of ILs is insufficient. The toxicity and potential risk of ILs should be assessed thoroughly before large scale industrial application. The emergence of novel ILs with desired biodegradation property and low toxicity will greatly enhance their application in industry.
Dissolution of cellulose in ILs
Cellulose, the most abundant organic polymer in nature, is the naturally occurring polymer of β-(1→4)-D-glucose residues and is found in all higher plants as a structural material in the cell walls (Gardner et al. [29] ). It is considered to be renewable, biodegradable, biocompatible and environmentally friendly. The derived products have many important applications in the industries including fiber, paper, membrane, gel, composites and hybrid materials ( [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Cellulose is not only the most abundant renewable biopolymer, but also a very uniform macromolecule (Ioelovich et al. [40] ). Figure 6 shows the molecular structure of cellulose as a carbohydrate polymer with a large number of hydroxyl groups. To accommodate the preferred bond angles of the acetal oxygen bridges, every second anhydroglucose ring is rotated 180° in the plane, so that the structure repeats itself every cellobiose unit (Klemn et al. [41] ). Chemists always use "crystalline" to describe the structure of cellulose microfibrils, meaning that the microfibrils have crystal-like properties. Due to the stiff molecule and close chain packing via numerous intermolecular and intramolecular hydrogen bonds, as shown in Figure 7 , cellulose is extremely difficult to dissolve (Wu et al. [42] ).
Swatloski et al. first used ILs as cellulose solvents, and reported that 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) could be utilized to dissolve cellulose. They also found that with heating to 100 -110 C, cellulose slowly dissolved in the ILs containing Cl¯, Br¯, and SCN¯ to yield increasingly viscous solutions. The length of the chain substitution, the presence of water in the ILs, and heating methods also significantly affected the dissolving power (Swatloski et al. [43] ). It was reported that cellulose was more soluble in 1-alkyl-3-methylimidazolium based ILs with evennumbered alkyl chains compared to odd-numbered alkyl chains, below six carbon units. However, the reason for this odd-even effect is not fully understood yet (Vitz et al. [44] ). Figure 8 shows the proposed dissolution mechanism of cellulose in ILs ([BMIM]Cl). The oxygen and hydrogen atoms of cellulose-OH form electron donorelectron acceptor (EDA) complexes, which interact with the ILs. The interaction results in the separation of oxygen and hydrogen atoms from hydroxyl groups, leading to the opening of the hydrogen bonds between molecular chains of the cellulose (Feng et al. [45] ). The high chloride concentration and activity in [BMIM]Cl is highly effective in breaking the hydrogen bonding network of the cellulose. It was shown that the more water is present less cellulose can be dissolved in [BMIM]Cl, presumably through competitive hydrogen-bonding to the cellulose microfibrils which inhibits solubilization (Swatloski et al. [43] ) .
(a) (b) Fig. 7 . Intra-and intermolecular hydrogen bonds in cellulose. a) molecular model and b) chemical structure. n.a. =Not known by the author. As non-derivatizing solvents for cellulose, ILs have begun to be applied in such research fields as capturing the portrait of isolated individual natural cellulose molecules (Wan et al. [65] ), digesting wood cellulose to glucose [62, 66] , developing micro-and nano-porous composite materials (Tsioptsias et al. [67] ), isolating cellulose from biomass directly with ionic liquids (Jiang et al. [68] ). Researchers also have focused on functionalizing or modifying native cellulose in ILs directly, such as cellulose composite films with encapsulated enzymes (Turner et al. [69] ), cellulosestarch composite gel (Kadokawa et al. [70] ), cellulose-hydroxyapatite composite scaffolds (Tsioptsias et al. [71] ), cellulose-g-poly (p-dioxanone) copolymer (Zhu et al. [72] ), and cellulose/Soy Protein Isolate Blend Films (Wu et al. [73] ).
Other carbohydrates, such as sucrose, glucose, starch and lactose, are also confirmed to be dissolved in ILs [74] [75] [76] . And the solubility of carbohydrates in [BMIM] Cl is higher than in [BDMIM]Cl (1-butyl-2,3,-dimethylimidazolium chloride); this may be because of greater polarity of the former. Figure 10 shows the structure of the carbohydrates which have already been proved soluble in ILs. 
Dissolution of chitin in ILs
Chitin is the second most abundant and important natural polysaccharide composed of β-(1→4)-linked 2-deoxy-2-acetamido-D-glucose units (Glu-NHCOCH 3 ), while chitosan is an N-deacetylated product of chitin, as shown in Figure 11 . Chitin is found in the shell of crustacean, the cuticles of insects, and the cell walls of fungi. Much attention has been paid to its biomedical applications because of the useful biological properties, such as biocompatibility, hemostatic activity, biodegradability, and wound healing property [77, 78] .
However, the insolubility is a major problem that confronts the development of processing and uses of chitin. The strong inter-and intra-molecular hydrogen bonds between the hydroxyl groups, amido groups, carbonyl groups of the glucose units and the compact crystalline structure, leading to the insolubility of chitin in common organic solvents or water [79, 80] . Only limited information is available on the physical properties of chitin in solution.
Recently, W. T. Wang et al. used a series of ionic liquids containing alkylimidazolium chloride, alkylimidazolium dimethyl phosphate, and 1-allyl-3-methyl-imidazolium acetate to dissolve chitin and reported that the dissolution behavior of chitin in ILs was affected by the degree of acetylation, the crystallinity, and the molecular weights of chitin, as well as the nature of the anion of the ionic liquid. Through FTIR analysis the researchers found that there was no obvious change in the spectrum peak of samples before and after regeneration, indicating that no chemical reaction happened during the dissolution and coagulation processes (Wang et al. [81] ).
To regenerate the chitin from ILs, they used methanol to eliminate the ILs and observed the morphology of the samples by scanning electron microscope (SEM). The surface of native chitin powder was rough and veiny, while the regenerated chitin powder has a smooth surface and an apparent sheet structure. They supposed that the variation of the morphology might be related to the form of the crystals and arrangement of hydrogen bonds in regenerated chitin. XRD and TGA studies showed that the obtained gels and films presented relatively good miscibility among the polysaccharides and the ionic liquids (Takegawa et al. [83] ). They prepared the liquids of chitin/AMIMBr (5% w/w) and of cellulose/BMIMCl (10% w/w) by heating each mixture at 100 °C for 24 h. Then, the two liquids in desired ratios were mixed at 100 °C to form a homogeneous mixture. The mixture was transferred to a mold and kept at room temperature for 4 days. Then the gel was taken out, soaked in acetone for 10 min, and dried to get a composite gel. They also found that it was easy to form a gel when the molar ratios of chitin to cellulose were 1:3 to 1:1. Increasing the molar ratio than 1:1 (chitin/ cellulose) did not give the gel formation.
The ionic liquid, 1-butyl-3-methylimidazolium acetate ([BMIM]Ac), was also found to be a new good solvent for native chitins with different origins (α-and β-chitins) and molecular weights at relatively lower temperature (Wu et al. [84] ). S. S. Silva. et al.
used [BMIM] Ac as a green solvent combined with the technology of supercritical fluid (SCF) as clean technology to prepare ultralight porous chitin-based materials. In their systems, processing of porous chitin-based materials was based on the IL removal from the IL/chitin gels by dissolving in ethanol and dried under supercritical CO 2 . The final products were opaque and shining white (Silva et al. [85] ).
X. Lu et al. explored a novel polymer/room-temperature ionic liquid composite based on chitosan and [BMIM]BF 4 and found that the composite could be readily used as an immobilization matrix to entrap proteins and enzymes (Lu et al. [86] ).
Dissolution of wool keratin fibers in ILs
Wool keratin fiber is one of the most popular natural biopolymers. The applications have been explored in many fields such as wool regenerating blended materials, additives, neatening reagents for wool or leather, and use as textile fiber. Because it contains a range of hydrogen bonds, hydrophobic forces, electrostatic forces, and disulfide bonds, keratin exhibits a stable three-dimensional network which is responsible for its desirable mechanical properties but makes it a challenge to find suitable solvents for its dissolution. Tons of waste wool fibers are discarded during wool weaving every year because its insolubility.
H. B. Xie et al. reported that [BMIM]
Cl was an excellent solvent for wool keratin and the thermal stability of regenerated wool keratin was slightly superior to that of natural wool keratin fibers. WAXD was used to analyze the structure change of wool keratin protein in the research. It was showed that the 2θ peak at 9.26 which stand for the presence of α-helix structure disappeared after regeneration, indicating that the α-helix structure was destroyed by the ionic liquid during the dissolving process and could not be restored. On the contrary, there was a prominent 2θ peak at 20.02 before and after regeneration, indicating that the regeneration of β-sheet structure of protein polypeptide chains could be induced by the precipitator, methanol (Xie et al. [87] ). It was also reported that modification of wool fibers using ionic liquid made low temperature dyeing of wool possible because ionic liquid could destroy the surface scales of the fiber, which further proved [BMIM]Cl had a good solubility for wool keratin [88, 89] .
Hameed and coworkers presented a green processing route for development of regenerated wool/cellulose acetate (CA) blends using [BMIM]Cl. The regenerated wool/cellulose acetate (CA) blends showed strongly synergistic behavior, an example of wool blended biodegradable and renewable materials with improved properties using an ionic liquid green solvent [90, 91] .
Other keratins have also been tried to be dissolved with ILs. Sun et al. demonstrated a new application of the ionic liquid for dissolving chicken feather (CF) and a renewable application of waste chicken feather for removing Cr(VI) ion in water.
[BMIM]Cl were demonstrated for preparing chicken feather-based particles and showed a great ability to dissolve CF by effectively disrupting the hydrogen bonds in the feathers (Sun et al. [92] ).
Dissolution of silk fibroin in ILs
Fibroin is a type of protein created by silkworms in the production of silk. Silk emitted by the silkworm consists of two main proteins, sericin and fibroin. Fibroin is the structural center of the silk, and sericin is the sticky material surrounding it. The fibroin protein consists of layers of antiparallel beta sheets. Its primary structure mainly consists of the recurrent amino acid sequence (Gly-Ser-Gly-Ala-Gly-Ala) n , as shown in Figure 12 ). These sheets are largely responsible for the tensile strength of the silk. Besides the property of being stronger than Kevlar, fibroin is known to be highly elastic. These attributes make it suitable for applications in several areas, including biomedicine and textile manufacture. The outstanding mechanical properties of natural silk fibers make them utilizable in biotechnological and biomedical fields, which rival the most advanced synthetic polymers. The acetonitrile-rinsed film was white and the methanol-rinsed film was transparent. Neither of the films showed residual fiber structure, indicating that the silk was solubilized (Phillips et al. [93] ). They also prepared the regenerated silk fibroin from Bombyx mori silkworms by wet spinning from a 1-ethyl-3-methylimidazolium chloride (EMIM]Cl) solvent system [94, 95] , and found that methanol worked best for solidifying the fibers. The solubility of silk fibroin in ILs depended on the property of cation and anion, and the anion had a much larger effect. Silk could be regenerated in a variety of structural forms such as flocs, powders, tubes, fibers, and films (Phillips et al. [96] 
Dissolution of natural collagen fibers in IL
Collagen is the main protein of connective tissue in animals and the most abundant protein in mammals, making up about 25% to 35% of the whole-body protein content. Collagen has the repetitive sequence Gly-X-Y, where X and Y represent amino acids other than glycine. Proline is commonly found in the X position and 4-hydroxyproline in the Y position of the Gly-X-Y triplets. The tertiary structure of collagen consists of three left-handed helices twisted into a right-handed helix. The structure of the triple helices is stabilized by the presence of many proline and hydroxy proline residues, and by intermolecular hydrogen bonds between the peptide backbone NH-and COgroups of the three polypeptide chains, as shown in Figure 13 . Collagen has great tensile strength, and is the main component of fascia, cartilage, ligaments, tendons, bone and skin. Because of the biocompatibility and biodegradability, collagen has many applications in the commercial fields of food, cosmetic and medical applications. However, due to the strong inter-and intra-molecular hydrogen bonds, ionic bonds, van der Waals' force and hydrophobic bonds between the polar and non-polar groups, collagen is extremely difficult to dissolve, which tremendously limit the application of collagen in many fields. [99] ). Dissolving process of collagen fiber with increasing temperature was real time monitored by polarized optical microscopy and the results are shown in Figure 14 . It is seen that the collagen fiber presents a large amount of bright area at the room temperature, which indicates abundant of ordered crystal structure exists in the collagen fiber. The crystalline region gradually reduced at 80 C and prominently disappeared at 100 C. With the temperature rising, the bright area disappeared rapidly and completely vanished at 120 C, which indicates that the crystal structure of skin collagen fiber had been totally disrupted by [BMIM] Cl during the dissolving process. Collagen could be precipitated form the IL solution by the addition of deionized water, ethanol, acetone and methanol. Collagen could be regenerated into different forms, such as powder, rod or membrane. Table 3 gives an overview of the natural polymers (other than cellulose) dissolution in ILs reported in literatures. Being efficient, recyclable and green solvents, ILs can dissolve nature polymers directly and regenerate the natural polymers in various forms, such as flocs, films, powders, fibers, rods, etc. Meanwhile, regarding the potential of ionic liquids as promising green solvents, homogeneous functionalization of natural polymers in ionic liquids is attracting increasing attention. Advantages of the homogeneous reaction include: creating more options to induce novel functional groups, opening new avenues for the design of products, and opening up the opportunity to control the total degree of substitution (DS) value. It is expected that homogeneous functionalization of natural polymers, for example, the esterification, etherification, alkylation, silylation, grafting of cellulose, can be realized in ionic liquid. The reaction possesses several obvious advantages, such as catalyst-free, rapid, DS-controllable, and solvent recyclable. Though the research on ionic liquids starts late and systematic theory and knowledge is lacking, the superior performances of ILs have attracted extensive attention and great progress has been made these years. Ionic liquids have wide perspectives on the dissolution of natural polymers.
Summary
